As was recognized recently, the submarine groundwater transports a significant amount of various contaminants into the coastal ocean. An assessment of the impact of intruded pollutants in the coastal ecosystems requires understanding fate of the pollutants and processes of their dispersal in ambient waters. In this paper, we proposed a 3-D coupled ocean circulation/particle-tracking model for predicting the transport and dispersal of pollution-containing groundwater discharged into a coastal environment of the southwestern Taiwan. The particle-tracking model takes currents and turbulent diffusivities predetermined by the ocean circulation model and uses the Lagrangian approach to predict the motion of individual droplets, the sum of which constitutes a contaminant plume in result of discharge of contaminant-rich submarine groundwater. The ocean circulation model was forced by tides and seasonal favorable winds for the southwestern coast of Taiwan. The initialization of the coupled model was set using field data obtained in 2009 on the Pingtung shelf where shallow aquifer seepages were discovered. Several types of numerical experiment scenarios were set up to elucidate the transport and dispersal of conservative and nonconservative (nitrate) contaminants in the shallow coastal zone. The comparison of obtained numerical results with observations performed by other researches was discussed.
Introduction
Submarine groundwater discharge (hereinafter SGD) has been recognized as the potentially significant contribution to the coastal ocean [1] . Although not as obvious as river discharge, groundwaters (hereinafter SGs) can also discharge directly into the coastal ocean. Like surface water, groundwater flows downgradient. Therefore, groundwater flows directly into the coastal ocean wherever a coastal aquifer is connected to the sea. Furthermore, artesian aquifers can extend for considerable distances from shore, underneath the continental shelf with discharge to the coastal ocean at their points of outcrop. In some cases, these deeper aquifers may have fractures or other breaches in the overlying confining layers, allowing groundwater to flow into the sea Figure 1 (b) schematically illustrates shallow and deep aquifers and processes associates with SGD.
Very importantly, it is now recognized that groundwater discharge may be an important pathway for diffuse pollution to enter the coastal zone where coastal aquifers have become contaminated by septic systems or other pollution sources [2] . Despite SGD contribution in the ocean's water budget is generally small, it represents an important source of nutrients and other contaminants that affect the ecology of the estuaries and coastal fresh water bodies [1, [3] [4] [5] [6] [7] . There are reports that SGD may also be an important source of alkalinity and carbon to shelf waters [8] .
Submarine groundwater coming from coastal aquifers into the coastal ocean carries dissolved contaminants, concentration and type of which considerably varied from region to region. Multiple studies indicate that the concentration of groundwater contaminants increases with increasing housing density and agriculture activity. Expanding residential and commercial near-shore development is leading to increased nutrient inputs to groundwater that eventually migrate into to coastal waters. Severaldecades long research shows that nitrogen inputs via non-point sources over large coastline areas cause decline of ecological health and may support harmful algal blooms [9] .
In Taiwan, investigations of the offshore discharge of groundwater, for many years, were largely motivated by water resource related issues. As was noted by [10] , there were at least two reasons why scientific studies have developed so slowly in this field. First, the SGD process is inherently very difficult to measure and monitor, which tended to discourage serious investigations. Nearshore seepages around Taiwan typically have very diffuse and highly variable unit fluxes although the cumulative discharge can be very significant when it occurs over a wide area. Second, SGD is a process that occurs across a landsea interface that spans different scientific disciplines as well as environments. Unfortunately, there are distinct cultural and structural differences that separate terrestrial and marine scientists. Literally, hydrologists and coastal oceanographers are looking at the same problem from different ends.
For the last decade, intensive field investigations of coastal environment pollution associated with SGD are undertaken in coastal zone of Taiwan including its southwestern part (Figure 1) . In [11] , it was found out that aquifers are significant sources of trace elements and other chemical constituents to the southwestern coastal waters of Taiwan where onland chemicals as NH 4 , SO 4 , NO 3 , PO 4 and SiO 2 , hydrocarbons, trace metals (Ni, Cu, Cd), NaOH, fertilizers, and sewage were. Reference [11] also reported the exploratory discovery of SGD by using salinity in Taiwan for the first time in the coastal area and point out that SGD may occur near the Kaoping River estuary. Recently [12, 13] have shown that submarine groundwaters are also clearly indicated by tracers of oxygen, strontium isotopes and barium content. They noted that the concentration of many contaminants in groundwater is typically several times higher than in seawater. Usually with distance from seepage the concentration of contaminants decreased rapidly. As observations of nitrate (NO 3 ) plumes near shallow seepages by [7, 14] shows, the flux of nitrate towards the marine environment was highly variable even over a short distance from the coast. In addition, greater dispersion near the seepage face due to movement of water masses in response of tides and to seasonal cycles of recharge to the fresh aquifer. Outside an aquifer, nitrate diminished substantially in concentration so that horizontal and vertical sizes of a detectable inclined nitrate plume did not exceed 6 and 4 m, respectively [7] .
In the coastal ocean, processes of spreading and fate of contaminants coming from SG aquifers are governed by ocean dynamics and depend on many factors as seepage zone, discharge rate and type of contaminants. Mathematically, predicting such processes is very a complicated task that requires developing numerical models for reproducing/predicting the ocean circulation and transport of contaminants. Until now, numerical modeling directed to the solution of problems associated with pollution inputs from SGD is mostly focused on modeling the transport and biogeochemical processes [9, 15, 16] inside aquifers. Some works have been dedicated to analysis and modeling an influence of tides on oscillation of groundwater discharge rate [2, 17, 18] . By theoretical model for SGD and the associated chemical transfer to the ocean, [2] have demonstrated that wave setup and tidal pumping may be the processes largely responsible for the high rate of SDG and, in turn, a considerable intensification of the transport of chemicals to the ocean. Despite wide spectra of models and approaches that were built for the solution of various problems associated with contamination of coastal zone due to SDGs, yet, no attempt has been made on the development of a complex approach for predicting the regional circulation and its effect on the transport and mixing of pollutants coming into seawater from submarine seepages. Therefore the objective of this work is to fill this gap and develop a pollution transport model coupled with an ocean circulation model. In the work, we will focus on the shelf zone of the southwestern Taiwan, however, based on the generalized approach, the model can be adapted easily for any region of interest.
The paper is structured as follows: In Section 2, a short description of region of interest, hydrology and characteristics of SG based on field observations are given. In Section 3, the coupled circulation/particle-tracking model is introduced. In Section 4, results numerical experiments with conservative and nonconservative (nitrate) tracers under wind and tidal forcings as well as discussion are presented. Summary is given in Section 5. Figure 1 shows the coastal zone of the southwestern Taiwan. The marine environment in this area is rather unique in terms of geomorphology. A major feature the latter is Gaoping (submarine) Canyon, belonging to the river extension type canyon, and Siaoliuciou Island. The canyon is well aligned with the Gaoping River on land, runs across the continental shelf, continues its course southwestward onto the continental slope, and terminates at a depth of about 3000 m. The head of the canyon, cutting the continental shelf, is characterized by high and steep walls, and the cross-sectional morphology of the canyon varies from V-shaped to broadly U-shaped [19] . As field observations exhibited [19, 20] , such peculiarities in geomorphology have a great effect on coastal circulation and mixing processes.
Study Region
Complex hydrographic study of submarine groundwa-ter discharge in the Pingtung coastal zone [12, 13] allowed finding seepage locations by tracing oxygen, strontium isotopes. Areas with notable SGD 1 were found to locate a long distance from the shoreline (~25 km) and likely to be widespread off southwestern Taiwan.
To detect shallow SGDs, quantify their rate and influence on the local hydrology as well as define the content of contaminants, the joint oceanographic observations were conducted by Taiwanese and the Russian scientific groups in February and October 2009 on the Pingtung shelf [21] . Distinct manifestations of submarine groundwater discharge were revealed near-shore, west of the Siaoliuciou Island at stations 11 and 16 ( Figure 1 ). In the vicinity of the SG seepage (marked by solid squared in Figure 1 ), CTD measurements revealed salinity inversions on profiles in the 2 m bottom layer (Figure 2(b) ), where the magnitude of the salinity drop reached 0.06 psu. For such salinity drop, the SGD rate, as was estimated by [21] , should be in range between 0.1 and 1 gm -2 ·s -1
. The estimation was based on the advection-diffusion balance of salinity in the water column affected groundwater inflow,
where S is salinity, z is vertical coordinate, w is mean vertical velocity of groundwater seepage and K z is the eddy diffusivity.
Assuming that salinity difference, , in the bottom inverse layer,
, significantly less than mean salinity in the bottom ambient water, S 0 , i.e., 0 , we obtain the velocity and SGD rate per unit area, . The deviation of vertical velocity and magnitude of the SGD rate, obtained by [21] , is associated with variations of and S  H  estimated from field experiments. Besides uncertainties in estimation of and S  H  the rate, Q, depends on vertical diffusivity, K z , which was chosen from general assumptions. Actually, K z can significantly vary in the bottom boundary layer and thus the estimates of w and Q can be considered as an order of magnitudes. Nevertheless they agree with the characteristic values reported earlier for well-developed SGD at other locations in the ocean [22] .
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The field observations also revealed that the salinity inversions coincided with maxima of dissolved oxygen, organic matter content, iron and phosphorus concentrations, and the minimum of turbidity. Note that, in nonimpacted by SGD areas, ambient waters were characterized by regular salinity profiles with the maximum of salinity at the bottom (Figure 2(a) ).
Many studies show that SGD makes a significant contribution to nutrient budget of coastal water that causes significant research interest in this phenomenon [6, 12, 18] . We made chemical analyses of water samples collected from the bottom layer of the ocean, as well as the nearshore land groundwater well (marked by solid square in Figure 1 ) and Kaoping River in February 2009. The results for nitrate, NO 3 , which we focus on, are depicted in Table 1 .
As seen, measurements conducted at stations 1, 6, 11, 16 and near the SG well revealed that nitrate concentrations were higher than those at other stations not affected by SGD. This difference in NO 3 concentrations appears to be consistent with the figures reported by [8] for the same area. Note that the increasing concentrations of NO 3 observed at stations #11 and #16 cannot be explained by the river inputs, because the nitrate content in Kaoping River water was considerably lower. Above the SG well, the nitrate concentration reached 0.48 mg·L 
Coupled Model Description
Modeling the transport and dispersal of contaminantcontaining fresh groundwater from a coastal aquifer into the adjacent shallow marine environment presents a real challenge to oceanographers. Difficulties are associated with many factors such as the hydrostatic instability of bottom fresh water discharging into the saline environment, uncertainties of the SGD rate estimate, seepage location(s) as well as with difficulties of predicting coastal currents induced by variable forcing (wind, tides, etc.). All these factors are necessary to take into account in deciding on the choice of a particular numerical model and approach. Our approach to the solution of the transport and dispersal of contaminant-containing fresh groundwater is based on the Lagrangian particle tracking method (LPTM) that is significantly more effective than approaches based on finite-difference models since LPTM describes the advective transport with a high accuracy. This is a very important for realistic reproducing the movement a plume of contaminants. In addition, the Lagrangian method is better suited to modeling the fate and dispersal of contaminants, when the attribution of fate properties to a particular contaminant is required. As any other similar coupled models, ours consists of a hydrodynamic model embedded into a particle transport model (PTM). PTM takes currents and turbulent diffusivities predetermined by the hydrodynamic model and uses LPTM to predict the motion of individual particles, the sum of which constitutes a contaminant plume. The basic concept of the proposed model is similar to that presented in [23] [24] [25] [26] [27] [28] [29] [30] . Therefore, herein, we shortly discussed only those extensions/improvements of the model that are made for the present specific problem.
Generally, the procedure of predicting behavior and fate of a contaminant plume is divided into two parts: 1) predetermination of currents, turbulent diffusivities with the hydrodynamic model; and 2) applying the predetermined three-dimensional motions to individual particles, the aggregate of which constitutes the plume. The model thus simulates the advection and turbulent diffusion of particles. The physicochemical decay and processes modifying the structure and properties of a contaminant plume are simulated due to specific algorithms.
The Hydrodynamic Module
To predict circulation, we chose the sigma-coordinate Princeton ocean model (POM) [31] and adapted it for the southeastern part of Taiwanese coastal zone marked in Figure 1(a) by the square. The POM has a resolution of 1/60 Deg along longitude (Δx) and latitude (Δy). The calculation domain, 39 × 72 cells, covers the region of interest from 22.00˚N to 23.05˚N and from 120.05˚E to 120.70˚E. Over the vertical, the model has 31 uneven σ-levels, which are distributed so that to provide the maximal resolutions near the surface and the bottom. The calculation time steps for the external, DTE, and for the internal, DTI, modes were chosen from the CFL criterion of stability [31] and equal to 6 s and 120 s, respectively.
For the momentum fluxes in the near-bottom layer (1 + σ kb-1 )H/z 0 , we used the quadratic dependence on the velocity:
is the elevation of the free surface, K M , z 0 is the roughness parameter is the coefficient of turbulent viscosity, u i (i = 1, 2) are the horizontal components of the mean current velocity, and drag coefficient, C z is defined as
where k = 0.4 is the Karman constant.
Open Boundary Conditions
At the open (western and southern) boundaries of the calculation domain, two types of boundary conditions for the temperature and salinity were used: the condition for the inflow and that for the outflow. In the case of the outflow outside the calculation domain, the values for T and S at the corresponding open boundary were setup. In the case of the inflow into the calculation domain, the [25] . The index n, here, represents the coordinate normal to the open boundary. The components of the mean current and the turbulent diffusivities were output to the particle transport model at every time step during the simulations.
Forcing
Two types of forcing were applied for modeling: winds and tides. For the wind forcing, we used observations by [32] presented favorable seasonal winds. For the tidal forcing, we referred to [19, 20] who analyzed the ratio between amplitude of tidal oscillations of coastal currents along the southwestern Taiwan induced by the astronomical semidiurnal, M 2 , S 2 and diurnal, K 1 , and O 1 constituents. They showed that the semidiurnal, M 2 , constituent was the major one in energy spectra of tidal oscillation. Thus, for the first order approximation, we can simplify tidal forcing by a use of the dominant constituent M 2 only and, for tuning the circulation module, we utilized current velocity measurements conducted by [21] near by the SGD well. We applied a radiation condition based on the long gravity-wave speed, to determine the boundary elevation and a gravity-wave radiation condition to specify the normal component of the depth-averaged current at the model open boundaries.
POM Initialization
The hydrodynamic model is spun up from rest and with temperature and salinity from the ocean climatological database [33] with adjusting T, S-profiles, in the water column over the SG well, to those shown in Figure 2(a) .
Particle Tracking Model
In the Lagrangian particle tracking method, an algorithm for updating particle coordinates (Equation (1)) is the following: at every time step, particles are moved in the 3-dimensional Cartesian reference frame by an advective displacement added to a diffusive jump [23] .
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The displacements,   , K , profiles of the vertical diffusivity, 3, j K , usually exhibits significant variations in coastal waters where current and density structures are formed under tidal and wind-driven circulation and, often, under strong influence of freshwater input [29] . Such combined forcing leads to the formation of non-uniform vertical diffusivity profiles that, in case of the use of the NRW scheme, can form artificial particle accumulation zones in layers with weak vertical mixing. To avoid this effect we employed so-called a "consistent random walk" (CRW) approach [29, 34, 35] in order to obtain vertical particle displacements correctly. For this, we applied the formula
 , adopted from [35] . As seen, this formula includes deterministic and diffusive (or random) components. The deterministic component causes a net displacement of the center of mass of the neutrally buoyant particles toward increasing diffusivity at a rate 3 K  (a local gradient of K 3 in the vertical direction), thus allowing avoidance of the artificial particle accumulation within layers of low vertical diffusivity. The diffusion coefficient K in the CRW model is estimated from the diffusivity profile at a vertical coordinate z * shifted from the particle coordinate z by a small distance 3 0.5K t  . Note that the CRW model should be used for simulating horizontal displacements too. However, according to our assessment, the largest horizontal diffusivity gradient, in the coastal zone studied, is the order of 10 -3 m·s -1 (cf. m·s -1 ) so that the effect of 1,2 1 3max 10 K    K  on horizontal distribution of particles is negligible for a given model grid spacing and time step (see below).
As was mentioned about, the horizontal and vertical diffusion coefficients, 1 OJMS from the level-2.5 turbulence closure scheme [36] . Thus, 3-dimensional parameters available from the POM are used as forcing in the particle tracking model, which estimates particle coordinates at every time step Δt that can be equal to (or longer than) the internal time step, DTI, of POM. The time steps is chosen to be 360 s that is long enough but prevents particle jumping more that one grid cell, and, thus, guarantees an accurate estimate of particle displacement in each of 3 directions. It should be noted that, based on the random walk concept, particle tracking models coupled with the hydrodynamic models have certain structural features associated with the ratio between model time step, DTI (Δt), and the Lagrangian timescale, Lag . For the vertical motion, the external timescale for smallscale turbulence in the ocean, turb , is of the order 1 -10 sec, so that
turb . It means that vertical velocity fluctuations and displacements of a Lagrangian particle at the time lag
are not correlated we can use Equation (1) for predicting vertical (i = 3) particle coordinates. In contrast, for horizontal currents in the ocean, the typical value of the Lagrangian timescale
DTI T t 

Lag
T is 1 -3 days, so that lag and the random horizontal velocities and displacements of a Lagrangian particle within the time lag are correlated. For this reason, the horizontal motion (i = 1, 2) of the particle is described by equations
where a  is the root mean square random acceleration, x  are the horizontal radius-vector of the particle at moments t and , respectively. Note that (2) is a finite difference analogue of the Langevin equation. Note that, from POM, we have explicitly only one parameter to describe horizontal random motion of a Lagrangian particle, namely the horizontal diffusivity, t t H K , while Equations (2) and (3) (2) and (3).
Definition of the Source
A very important step for the model setup is to set correctly the near-seepage zone processes and the discharge rate of contaminant-rich SG. Submarine groundwater coming into the seawater from coastal aquifers carries dissolved contaminants, type and properties of which depend on regional factors. Contaminants may be considered as passive and either conservative or nonconservative tracers but, being dissolved in fresh groundwater, such tracers would have vertical velocity due to the buoyancy force. The magnitude of the rise velocity depends on difference between densities of fresh SG and adjacent saline water.
In the particle tracking approach applied, we presume that submarine groundwater discharging from an aquifer breaks up into fresh water droplets with diameter, d, defined by empirical formula [27]     In the work, we applied a "stationary" source of particles, i.e., a certain number of "particles-in-SGW" (cluster), Two types of particles were used in numerical experiments: 1) Conservative particles that mimicked "long-live" tracers or contaminants (as 222 Rn, 226 Ra, 3 H, 4 He) without significant attenuation in their concentration due to physico-chemical reactions; and 2) Nonconservative particles that emulate "short-live" contaminants experiencing a relatively rapid decay in result of their own properties and reactions. As an example of a nonconservative contaminant we will take nitrate (NO 3 ) that, as recognized now, is the major contaminant of SG. Recalling measurements by [21] discussed above, we can set the initial concentration of nitrate as C 0 = 0.48 mg·L -1 ), The reduction of nitrate due to denitrification and other reactions can be described by a first-order degradation process with an exponential decrease in concentration in the cell-volume .
, where  is "half-life" parameter.
In the particle tracking approach, effects of degradation can be treated in a similar way as radioactive decay using e-folding times 1 e T  about 100 hours and thus, in the model, we can set e to be 30 h and use procedure of randomize half-life parameter as was described in [25] . 
Particle Release
To simulate a continuous source, particles are launched every DTI (180 s) time step. Coordinates of the source were chosen at the site of SG well (Figure 1) where depth was about 32 m. In numerical experiments with conservative particles, we launched total 10 5 particles every t = DTI and obtained concentration in conventional units. In experiments with nitrate, every time step, we launched 15,480 particles to fit to the initial concentration of 0.48 mg·L -1 as was obtain in the observations [21] . We limited our simulation by short-term effects of simulated currents on the development of particle plumes. Therefore in numerical experiments with wind forcing, duration of simulations was chosen to be 24 hours while simulations with tidal forcing last up to 72 hours to study behavior of nitrate plume in tidal current and the effect of nitrate degradation. 
Results and Discussion
Dynamics of shallow water of the region of interest is very complicated and exhibits nonlinear effects of tidal and wind-induced currents [19, 20, 32] . In order to illustrate the ability of the proposed model, we simplified our simulation considering the effect of winds and tides separately. We run the model with two types of particles to mimicking conservative and nonconservative contaminants as was discussed above. In the first case, we simulate a wind-induced circulation forced by two favorable for autumn and summer winds. In the second one, we simulate a tidal circulation to scrutinize its effect on the nitrate plume.
Transport of Contaminants under
Wind-Induced Circulations
NNE Wind
To scrutinize the transport and dispersal of passive conservative tracers discharged by a SG well, we forced the hydrodynamic model with the north-northeasterly (NNE) wind favorable for autumn [32] . For simplicity, we set constant wind speed with magnitude of 8 m·s
. Figure 3 shows the computed near-shore circulation at the sea surface and depth of 30 m. As seen, the NNE wind induced jet-like currents along the coast and eddy structures over the Gaoping Canyon. The wind-induced SSE current impinging on the Siaoliuciou Island created the circulation around the Island that is clearly seen at 30 m. At the surface, current velocity magnitude reached 0.3 m·s -1 while at 30 m the magnitude was about 0.1 m·s -1 . At 30 m, the circulation revealed distinct onshore flow at the easternmost end of the Gaoping Canyon. Velocity profiles (not shown here) indicated a veering of velocity throughout the water column near the site of interest. Figure 4 presents a planar plot of the integral 2 concentration, C(x, y) H , of particles in 24 hours after their release. Under NNE wind, the particles moved to southeast along the coast, although some particles, as seen, moved side-and backward due to the inhomogeneous structure of the current velocity. Length and width of the integral plume were about 15 and 7 km, respectively. There were two maxima of concentration indicated the slope of the particle plume that is clearly seen in Figure  5 .
Presented in Figure 5 , the 2-D cumulative X-Z and Y-Z transections of the concentration give characteristic details of vertical structure of the particle plume formed in 24 h after their release. Here, "cumulative" means a sum of all particles swept by the X-Z (Y-Z) area moving along the Y (X) axis.
The asymmetric vertical structure of the plume was associated with shear effects of wind-induced currents on the vertical transport and dispersal of rising particles.
SSE Wind
The second numerical experiment was performed under summer favorable wind, which, according to [32] , blows from south-southeast (SSE). Similarly to the previous experiment, wind speed was chosen to be of 8 m/s.
As seen in Figure 6 , the SSE wind induced strong jet-like currents at the sea surface (cf. Figure 3 ) and partly at 30 m. A weak distortion of the surface currents occurred over the Gaoping Canyon while the strong chaotic circulation was at depth of 30 m indicated a significant influence of the steep structure of the Canyon on the current Figure 7 shows the integral particle concentration distribution formed under the SSE wind of 8 m·s -1 in 24 h after their release. As seen, the area covered by particles was larger than that formed under the NNE wind; the surface plume reached the Gaoping River estuary. Length and width of the integral plume were about 17 and 8 km, respectively. The maximum of particle concentration, as seen, was near the source location. Figure 8 presents the X-Z and Y-Z transections of particle concentration. As in the experiment with SSE wind, the concentration maximum was found to be at 3 -4 m above the bottom indicating that the particle accumulation increased when the rise of particles was retarded. In contrast to the plume formed under NNE wind, in this case, the plume asymmetry indicated that margins with lower gradients of particle concentrations are extended to the west (negative X) and to the north (positive Y) from the source location.
Transport and Dispersal of Nitrate in Tidal Current
The groundwater discharging into the sea often contains nitrate with high concentrations. However, denitrification and dilution of nitrate apparently reduces its concentration. As measurements indicated [37] , the attenuation of nitrate concentration in the seawater proceeds quite rapidly. Of interest here is to estimate scales of the nitrate contamination of adjacent seawater nearby the SG well as well study an influence of tidal circulation on the distribution of nitrate in the impacted zone. For this, we forced the hydrodynamic model with dominant constituent M 2 and tune the model to adjust computed current velocity to that obtained in the field observations with ADCP [38] . Figure 9 presents the time series of horizontal velocity components, U and V, and horizontal, K H , and vertical diffusivities, K V , at 15 m above the bottom. As seen, K H and K V exhibit significant variation during the tidal cycle with K H ranges from about 4 to 20 m 2 ·s -1 and K V ranges from about 10 -4 to 10 -2 m 2 ·s -1 that is very close to K V derived from direct measurements of turbulence obtained with a high-frequency ADCP in tidal bottom layer [38] . Minima of the viscosities lag the minima of the current velocity; the time lag is about 1.5 h. Figure 10 illustrates successive phases of the nitrate plume evolution in the tidal current. For the parameters of the model initialization, nitrate reached the sea surface in about 3 min after its release. Tidal oscillations cause to periodic variations of the plume position relatively the vertical axis. An asymmetry of current velocity and turbulent diffusivities echoes in the nitrate plume structure and variability in the water column.
As seen in Figure 10 , the curvature of the plume is more pronounced when the tidal current directed to the southeast. The equalization of nitrate concentration level comes after 24 h. Before, we see the vertical extension of the high concentration core (~10 -1 mg·L -1 ) of the plume. Figure 11 shows the integral nitrate concentration formed under tidal circulation in 24 h after nitrate release. As seen, the area occupied by particles is noticeably less than those formed in the experiments with NNE and SSE winds, and particles are mostly dispersed around the source point, through the northwestward drift is clearly seen.
Summary
Although submarine springs and seeps around Taiwan have been known for many years, these features have traditionally been perceived as hydrologic "curiosities" rather than objects for serious scientific investigation. Despite low volume (relatively the riverine input) of SGD inputs into coastal waters of the southwestern Taiwan, SGDs are recognized as potentially significant sources of various pollutants.
An assessment of SGD-originated contamination impact on ecosystems requires a complex approach to this problem including experimental study and numerical modeling. Until now, numerical modeling focused on the solution of problems associated with contaminant distribution inside aquifers and only a few works focused on the processes near-seepage zones. In the paper, we presented the 3-D coupled circulation/particle transport model for predicting coastal circulation and its effect on the transport and distribution of particles mimicking conservative and nonconservative (nitrate) contaminants discharging in seawater in result of seepage of submarine groundwater.
To our knowledge, this couple model is the first one that was developed for such specific problems. Numerical experiments were performed with favorable for autumn and summer winds and under simplified tidal circulation forced only by M 2 constituent. However, the model gave reasonable results for scales and distributions of discharged particles/contaminants in shallow zone under the applied forcing. It is worthwhile to note that despite the model was designed for Taiwanese coastal waters, but being built on general principles, it can be applied, with an appropriate adaptation, to any other regions of the ocean. As any other model, ours requires further improvement that we associate with realistic forcing and initialization of the model as well as the consideration of real contaminants with their specific properties and reactions in seawater.
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